Hydrated aluminosilicates were synthesized with and without aqueous heavy metals (Me), such as cobalt (Co), chromium (Cr), and zinc (Zn), by a sol-gel process at different initial molar ratios of Ca/(Si ? Al) (0.6-1.6) and Me/Si (0.0-2.0), and constant Al/Si ratio (0.05) using equilibrium-approaching experiments. The chemical composition of the reactive solutions during aluminosilicate precipitation and maturation was monitored by ICP-OES. The mineralogy, nanostructure, and chemical composition of the precipitates were studied by XRD and high-resolution TEM. At Me/Si ratios B 0.2, calcium-aluminium-silicate-hydrates (C-A-S-H) with a defect 14 Å tobermorite-like structure formed, whereas at a Me/Si ratio of 2.0, either trioctahedral Co-and Zn-smectite or amorphous Cr gels precipitated, independent of the initial Ca/(Si ? Al) ratio used for gel synthesis. The immobilization capacities for Co 2þ , Cr 3þ , and Zn 2þ by C-A-S-H, Cr gel, and trioctahedral smectite are 3-40 mg/g, 30-152 mg/g, and 122-141 mg/g, respectively. The immobilization mechanism of heavy metals is based on a combination of isomorphous substitution, interlayer cation exchange, surface (ad)sorption, and surface precipitation. In engineered systems, such as underground concrete structures and nuclear waste disposal sites, hydrated aluminosilicates should exhibit a high detoxication potential for aqueous heavy metals.
Introduction
Importance of calcium-aluminium-silicatehydrate phases Aluminium-substituted calcium-silicate-hydrates (C-A-S-H) are of great technological importance, because they represent the main hydration product in ordinary Portland cement (OPC) and thus significantly contribute to the physicochemical characteristics, mechanical properties, and durability of hardened cementitious materials, such as concrete and shotcrete [1] [2] [3] [4] [5] [6] [7] . Apart from being the most important construction material of our time, concrete is nowadays applied in special wastewater treatment technologies and in the remediation of (sub)soil structures that are contaminated with hazardous components, like toxic heavy metal ions [4, [8] [9] [10] [11] [12] . Moreover, C-A-S-H is becoming increasingly more important as adsorbent, catalysis material, ion exchanger, waste stabilizer, and heat insulator [13] [14] [15] [16] [17] .
Natural and synthetic C-A-S-H phases are often poorly crystallized and have a highly variable structure and chemical composition, which can be expressed by the Ca/(Si ? Al) ratio and subordinate by the water content. Specifically, the Ca/(Si ? Al) ratio ranges from 1.5 to 1.9 in hydrated OPC to 1.5-0.7 or lower in hydrated cement binders blended with supplementary cementitious materials (SCMs), such as ground granulated blast furnace slag (GGBFS), fly ash, or metakaolin [2, 3, 18, 19] . Besides the pronounced positive effects of new cement blends containing SCMs on the technical and durability properties, and on ecological aspects, i.e. reduction of the global CO 2 emissions from the cement industry sector [20] , their increasing production may also pose an environmental risk: SCMs usually contain higher contents of heavy metals than pure OPC [21] . Thus, it is important to know how these critical elements are then fixed in the hardened cement paste.
The structure of ideal calcium-silicate-hydrates (C-S-H) can be described by a calcium oxide (Ca-O) layer having silicate tetrahedra attached on both sides, which are organized in a ''dreierketten structure'', that is, a repeating chain of three tetrahedra (Fig. 1) . Two of these tetrahedra (the ''pairing tetrahedra'' or Q 2 p site) are connected to the Ca-O layer, while the third tetrahedron (the ''bridging tetrahedron'' or Q 2 b site) is bonded to the adjacent Q 3 sites [4, [22] [23] [24] [25] . Few tetrahedra, mainly of the Q 1 and Q 2 sites, are also linked to an interlayer site ( Fig. 1) , which typically contains weakly bound H 2 O molecules, as well as Ca 2þ , alkalis, and other ions.
In the case of high substitution of Al for Si in the Q 2 or Q 3 sites of C-A-S-H (e.g. Al/Si ratio C 0.1), the relative amount of tetrahedral Al decreases, while the amount of octahedral coordinated Al increases. In the latter case, Al is most likely present either in the form of an amorphous aluminium hydroxide layer or a calcium aluminate hydrate layer at the C-A-S-H surface, or as an aluminium hydrate complex in the interlayer within the C-A-S-H structure [26] . In addition, about 10% of the total structural Al associated with C-A-S-H is present as penta-coordinated Al, regardless of the Ca/Si ratio [25] . Thus, with increasing substitution of Al for Si in C-A-S-H, a negative charge is generated [27, 28] , which has to be compensated through a coupled substitution of type:
, where h represents an ''empty'' position or a defect site in the C-A-S-H structure [29] . This defect site is occupied mainly by Na þ , K þ and Ca 2þ ions in ''traditional'' C-A-S-H, or by other metal ions, such as Pb 2þ , Cd 2þ , Co 2þ , Ni 2þ ,
and Zn 2þ (hereafter called ''Me'' ions) in synthetic C-A-S-H gels, which serve as charge compensators. C-A-S-H phases share many structural similarities with phyllosilicates. Smectite group minerals, for instance, have a 2:1 layer structure comprising negatively charged octahedral and tetrahedral sheets that are connected to an interlayer site, where hydrated and partly exchangeable cations are intercalated [30] [31] [32] . The unique structure, besides a small particle size (\ 100 nm), a large specific surface area ([ 10 m 2 /g), and presence of surface functional groups (i.e. : Al-OH and : Si-OH°) are the grounds for the high immobilization potential of C-A-S-H and smectite minerals for various Me ions [33] , rendering such materials suitable for wastewater treatment or chemical barrier applications. However, contrasting to smectite the role and fate of Me ions during co-precipitation with C-A-S-H is still poorly understood.
Removal of heavy metals by calciumaluminium-silicate-hydrates
It is well known that pollution of groundwater and drinking water by aqueous heavy metals is increasingly becoming a major environmental issue worldwide, causing hazardous effects on the aquatic and terrestrial ecosystems, and in particular to human health [34] [35] [36] [37] . High concentrations of heavy metals are often released to the environment by the oxidative weathering of ultramafic rocks and minerals, ore bodies and accessory sulphide minerals, like arsenopyrite (FeAsS), galena (PbS), cobaltite (CoAsS), chromitite (CaCrO 4 ), and sphalerite (a-ZnS), as well as from a range of human activities, such as agriculture, fossil fuel burning, manufacturing, transportation, mining, and waste disposal [38, 39] . In the last five decades, a wealth of improvements in wastewater treatment applications has been found. This includes, for example, the utilization of highly efficient and reclaimable activated carbon components as sorbents, and optimized techniques for Me ion uptake, such as bioremediation, chemical precipitation, adsorption/ion exchange, ultrafiltration, and electrochemical methods [40, 41] . Despite of these improvements, there is still an increasing demand for the development of tailored, low-cost composites to be used in wastewater processing technologies. Several studies have been carried out in order to describe and to quantify ion exchange and adsorption properties of natural and synthetic C-A-S-H [13, 14, 42] and clay minerals [33, 43] . Especially, smectite minerals have been shown to be good adsorbent materials for the removal of Me ions from aqueous solutions, owning to their worldwide Figure 1 Schematic structure of C-A-S-H (modified from [2] with potential immobilization effects indicated in red (adapted from [29] ). Q 99.99%, after reaction with mortars made of OPC and different levels of GGBFS and fly ash. The principle mechanism proposed for the removal of these Me ions by C-A-S-H or C-S-H was structural incorporation, though co-precipitation of discrete Me-oxyhydrates was frequently observed [29, 44, 45] , suggesting that the removal mechanism(s) are more complex than previously thought. To the best of our knowledge, no study yet exists that systematically investigates the relations between mineralogy, structure, and crystal chemistry of C-A-S-H containing low to extremely high loads of Me ions, like Co 2þ , Cr 3þ , and Zn 2þ . Therefore, it remains highly questionable as to whether the removal of heavy metals from solution by C-A-S-H follows isomorphous substitution, ion exchange, physical/chemical adsorption, or a combination of these processes (Fig. 1 ). This paper reports on the synthesis and on the characterization of C-A-S-H and trioctahedral smectite precipitated at different molar ratios of Ca/(Si ? Al) (0.6 to 1.6) and Me/Si (0.0 to 2.0), and at a molar Al/Si ratio of 0.05. The uptake mechanism(s) and the environmental implications of the removal of heavy metals by C-A-S-H and smectite are discussed in relation to phase composition and atomic structure. The importance of these nanocomposites in different engineered systems is highlighted.
Experimental section and methods

Gel synthesis with/without heavy metal ions
Hydrated aluminosilicates were precipitated in batch experiments at distinct molar ratios of Me/Si (0.02, 0.2 and 2.0) and Ca/(Si ? Al) (0.6, 1.0 and 1.6), and at a constant molar Al/Si ratio of 0.05, in order to study the effect of gel composition, initial Me concentration, and pH on the removal efficiency of aqueous Co, Cr, and Zn by co-precipitation with C-A-S-H and trioctahedral smectite. In total, 27 experiments were conducted with heavy metals (see Table 1 ). These experiments are labelled as C x Me x , where C x and Me x represent the initial molar ratios of Ca/(Si ? Al) and Me/Si. In addition, three reference experiments were carried out without heavy metals (RefC 0:6 , RefC 1:0 and RefC 1:6 ). The molar ratios of Ca/(Si ? Al) and Al/Si were chosen to be typical of C-A-S-H commonly found in the hydration products of OPC-based cements [46] . The Me/Si ratios reflect wastewater with very low to extremely high pollution with heavy metals. The Al/Si ratio was set to be low, because at Al/Si molar ratios of C 0. Note that the concentrations of aqueous Na remained almost constant over the experimental runs (± 0.5% change)
mineralogical and structural composition of the precipitating aluminosilicate hydrates due to recrystallization and to avoid carbonate formation. The solids were separated by centrifugation (Mikro 185, Hettich) at 4500 rpm for 2 min. Then, the supernatant water was decanted and the remaining solids were washed with ethanol to remove electrolytes (3 times). Afterwards, the sample was transferred into a 50 mL PE jar, which was stored in a closed desiccator for drying until weight constancy was reached, which required circa 1-2 months. A saturated CaCl 2 solution, which provides a * 33% relative humidity atmosphere, was used as the drying agent to ensure ''gentle'' drying of the reaction products.
Fluid-phase characterization
The pH of the reactive solutions was measured with a SenTix 41 glass electrode connected to a WTW Multi 350i pH-meter, which was calibrated against NIST buffer standard solutions at pH 4.01, 7.00 and 10.00 at 25°C. The analytical precision is ± 0.03 pH units at pH B 10.0 and increases to ± 0.17 pH units at pH C 12.0, based on replicate analyses of buffers and samples.
The total concentrations of aqueous Na, Al, Ca, Co, Cr, Si and Zn were analysed in acidified aliquots (2% HNO 3 ) by inductively coupled plasma optical emission spectroscopy (ICP-OES) using a PerkinElmer Optima 8300 DV. The analytical precision (2r, 3 replicates) is better than ± 2% for Co and Si analyses and ± 4% for Al, Ca, Cr and Zn analyses, respectively, relative to replicate measurements of NIST 1640a, in-house and SPS-SW2 Batch 130 standards [31] .
The removal efficiency of aqueous heavy metals is expressed by the percentage of Me ions removed from solution at equilibrium (%removal), according to Eq. (1):
where C 0 and C e are the initial and equilibrium concentrations of the respective Me ion (in mg L -1 ) in the experimental solution. In this study, the term ''equilibrium'' is referred to the attainment of a constant chemical composition of the solution, which is reached after few minutes of reaction time.
Solid-phase characterization
Powder X-ray diffraction (XRD) patterns were recorded on dried samples using a PANalytical X'Pert PRO diffractometer operated at 40 kV and 40 mA (Co-Ka) and outfitted with a spinner stage, 0.5°antiscattering and divergence slits, primary and secondary Soller and a high-speed Scientific X'Celerator detector. The samples were prepared using the top loading technique and examined in the range 4-85°2h with a step size of 0.008°2h and a count time of 40 s per step. Mineral identification was realized using the PANalytical X'Pert Highscore Plus software (version 2.2e) and a pdf-4 database [47] , as well as by comparison with XRD data collected from synthetic C-S-H gels [44] .
The particle form, nanostructure, and chemical composition of the precipitated matter from experiments RefC 1:0 ; C 1:0 Co 0:2 ; C 1:0 Cr 0:2 ; C 1:0 Zn 0:02 ; C 1:0 Zn 0:2 ; and C 1:0 Zn 2:0 were analysed by transmission electron microscopy (TEM) on a FEI Tecnai F20 operated at an acceleration voltage of 200 kV. The TEM is outfitted with a single-crystal LaB 6 Schottky Field Emitter, an UltraScan CCD camera for acquisition of high-resolution images, and an EDAX Sapphire Si(Li) detector for energy-dispersive X-ray spectroscopy (EDX) analysis. The TEM-EDX spectra were acquired using a count time of 30 s in order to reduce element migration and element loss during the measurements. The elemental k-factors were obtained from phyllosilicate standards [48] [49] [50] . The standard deviations were app. \ 30% for Al, \ 10-15% for Me, and \ 5% for Ca and Si, respectively, which is equivalent to an analytical uncertainty of the TEM-EDX results of ± 2 at.% for most of the major elements.
Results
Chemical evolution of the experimental solutions
Temporal changes in the chemical composition of the reactive fluids are displayed in Fig. 2 for experiments conducted at initial molar Me/Si ratios of 0.2 and Ca/(Si ? Al) ratios of 1.0. For comparison of all experimental data, the pH values and the total concentrations of aqueous Ca, Al, Si, and Me ions, obtained at the beginning and at the end of the individual experiments, are reported in Table 1 , together with the calculated removal efficiencies of the elements of interest.
From Fig. 2 and Table 1 , it becomes clear that the pH of the experimental solutions decreased systematically as a function of the initial molar ratios of Ca/ (Si ? Al) and Me/Si, and type of heavy metals used for the C-A-S-H gel synthesis. Three distinct, but different effects on the evolution of solution pH were recognized. Firstly, an increase in the initial molar Ca/(Si ? Al) ratio, from 0.6 and 1.0 to 1.6, resulted in a relatively slight pH decrease, from 11.9-12.1 and 11.0-11.2 to 10.7-10.9, in the experiments conducted at initial molar Me/Si ratios of 0.02. The pH values of the control experiments (12.2, 11.3, and 11.1) were found to be only * 0.1 to 0.3 pH units lower than those of the experimental series conducted at low Me concentrations. This suggests that the initial molar Ca/(Si ? Al) ratio is much more important on controlling the evolution of pH than the type of Me ion added for the synthesis, especially at very low Me concentrations. Secondly, a similar trend towards decreasing pH values at increasing initial molar Ca/ (Si ? Al) ratios was observed in the series ran at initial molar Me/Si ratios of 0.2. However, the observed pH decrease was much more pronounced (e.g. 10.6-11.6, 10.2-11.0, and 10.0-10.6), which indicates that the type of Me ions used is becoming more important in these experiments (Fig. 2) . Thirdly, no effect of the initial molar Ca/(Si ? Al) ratio was recognized in experiments conducted at initial molar Me/Si ratios of 2.0. The type of Me ion used was the main influencing factor on controlling the evolution of pH, as it is seen by lower final pH values (e.g. 6.7-6.8, 5.7-6.0, and 3.4-3.5), when using aqueous Co, Zn, and Cr at very high concentrations (Table 1 ). The total concentrations of aqueous Ca, Al, Si, and Me were significantly reduced at the end of the experiments after * 1 h of reaction time (Table 1) . Noteworthy, the decrease in the elemental concentrations was extremely fast, which reflects the rapid formation of hydrated aluminosilicates (see below for solid-phase characterization). Chemical steady-state between the precipitating aluminosilicate phase and the reactive fluid was reached within less than 10 min in all experiments (Fig. 2) , irrespective of the initial molar Ca/(Si ? Al) ratio and Me concentration used. This finding matches the results of Pardal et al. [28] , who have reported that the formation of a tobermorite-like C-A-S-H structure typically requires minutes to less than a few hours. Indeed, at the end of all experimental series, constant chemical conditions (or near-equilibrium conditions) between reactive fluid and precipitant phase were achieved. The attainment of thermodynamic equilibrium between a given mineral phase and reactive fluid is a prerequisite for the calculation of thermodynamic properties, such as solubility products, according to Purgstaller et al. [49] . However, such considerations are far beyond the scope of the present study.
The net removal of aqueous Ca (0.40-99.90%re-moval), Al (36.38-99.99%removal), Si (15.53-99.47%removal), and Me (22.46-99.99%removal) ions from solution depended on the experimental conditions initially used for aluminosilicate synthesis (Table 1 ). In contrast, the concentration of aqueous Na remained unchanged in all experiments (\ 0.5%removal). Indeed, in all experiments conducted at initial molar Me/Si ratios of B 0.2, the net removal of aqueous Ca (46.01-99.90%removal) and Si (74.38-99.47%removal) was moderate to high, and for aqueous Al and Me, it was very high (99.30-99.99%removal), which underpins the formation of C-A-S-H with incorporated Me. On the contrary, the experiments conducted at initial molar Me/ Si ratios of 2.0 yielded generally lower removal efficiencies for aqueous Me (22.46-6.46%removal), Ca (0.40-51.38%removal), Al (36.38-99.92%removal) and Si (15.54-99.37%removal), which indicates that solid product(s) other than C-A-S-H formed.
Mineralogical characterization of precipitates with/without heavy metals
A summary of the mineralogical composition of the precipitates is provided in Table 2 . Figure 3 ð Þ ; 0\y\3), was found. However, the presence of trace amounts of amorphous silica and/or poorly crystallized Al-hydroxides cannot be fully excluded.
In the experiments conducted at an initial molar Zn/Si ratio of 0.2, the characteristic peaks of ordered 14 Å tobermorite disappeared or significantly lost intensity. Instead, broad and very weak peaks centred at * 3.0 Å , * 2.8 Å and * 1.8 Å developed (Fig. 3c) . These reflections can be correlated with the Ca-Ca-Me physical repeat distance within the C-A-S-H structure and presence of dreierketten chains [55] , features that are indicative of a highly disordered 14 Å (?) tobermorite-like structure. However, in the experimental series carried out with aqueous Co and Cr, no systematic trends between the initial molar ratios of Me/Si and Ca/(Si ? Al), and the crystallinity degree of the C-A-S-H were recognized, even though the XRD patterns are generally very similar to those of precipitates from the Zn series.
In experiments carried out with an initial molar Zn/Si ratio of 2.0, broad and asymmetric peaks appeared at * 14-15 Å , 7.87 Å , 4.51 Å , 3.21 Å , 2.67 Å and 1.55 Å (Fig. 3d) . These XRD peaks likely correspond to the (001), (002), (02 l), (005), (110) and (060) reflections of a sauconite-like phase (Na 0:6 Zn 3 ½Si 3:4 Al 0:6 O 10 OH ð Þ 2 Án H 2 O) [56] , which is a trioctahedral smectite rich in Zn. In analogy, in the experiments conducted with an initial molar Co/Si ratio of 2.0, a Co-smectite-like phase formed, as it can be seen by diffuse reflections at * 14 Å (001), 4.61 Å (02 l), 2.66 Å (110) and 1.56 Å (060) [57] . In contrast, the XRD patterns of solids received from experiments conducted with initial molar Cr/Si ratios of C 0.2 revealed, in any case, formation of an X-ray amorphous reaction product (hereafter called Cr gel).
In some experiments, trace amounts of calcite, vaterite (i.e. CaCO 3 polymorphs) and/or monohydrocalcite (CaCO 3 ÁH 2 O) were identified ( Table 2 ). The occurrence of carbonates in the final precipitates suggests that, despite of continuous bubbling with N 2 , small amounts of dissolved inorganic carbon species remained in the reactor during the mineral synthesis. On the other hand, carbonates could have also been formed during washing and/or drying of the solids in the desiccator, through adsorption of CO 2 from the atmosphere. It is worthy to note that neither (an)hydrous Me-carbonates nor Co-, Cr-and Zn-oxyhydrates were identified in the precipitates [58] , suggesting that the Me ions are in the aluminosilicate hydrates structure.
Particle form and chemical composition of precipitates with/without heavy metals
Representative TEM images and corresponding TEM-EDX spectra of laboratory synthesized aluminosilicate hydrates, like C-A-S-H and Zn-smectite, are shown in Fig. 4 . All C-A-S-H precipitated at The sorption capacities (q e ) were calculated by the difference of the initial and final concentrations of aqueous Co, Cr, and Zn in the experimental solutions Tb ord -ordered 14 Å tobermorite; Tb dis -disordered 14 Å (?) tobermorite; Cc-calcite; MHCmonohydrocalcite; Vat-vaterite; Co-Smc-Co-smectite; Zn-Smc-Zn-smectite. Hal-halite initial molar Me/Si ratios B 0.2 are mainly composed of nanometre-sized aggregates of clumped particles. The individual particles are \ 30 nm in size, have a platy to globular shape with curled edges, a smooth particle surface, and a high inter-particle and surface porosity ( Fig. 4a-e) , applying the nomenclature of Yang et al. [59] . Generally, no differences were observed between C-A-S-H with and without Me ions incorporated with regard to the particle form and particle size. In contrast, the sample C 1:0 Zn 2:0 was composed of aggregated smectite particles, which are commonly \ 10 nm in size and have a veil-like to filmy particle form (Fig. 4f) .
The bulk chemical compositions of the precipitates (expressed here as molar ratios of Ca/(Si ? Al), Al/ Si and Me/Si) are reported in Table 2 . These compositions were calculated by subtracting the concentrations of aqueous Ca, Al, Si, and Me ions obtained at the beginning and at the end of a single experiment (Table 1) . This simplified approach is valid, because Me, Ca, Al, and Si are homogenously distributed in C-A-S-H and in smectite (Fig. 4g ) and the amount of other co-precipitates, like carbonates, is very low (\ 5% of the total precipitate mass). Hence, the chemical compositions of ideal (pure) C-A-S-H and trioctahedral smectite are most likely similar to the reported bulk compositions. All C-A-S-H gels formed at initial molar Me/Si ratios B 0.2 exhibited a sum of (Ca ? Me)/(Si ? Al) approximating 0.98 ± 0.14. Such a composition resembles that of either ordered 14 Å tobermorite at (Ca The Cu and C peaks in the EDX spectra stem from the TEM Cu grid and C film, respectively. The small Fe and Co peaks come from the pole piece of the TEM, except for C 1:0 Co 0:2 , where the intensity of the Co peaks is higher due to abundant Co in the C-A-S-H structure.
Discussion Fate of Me ions during precipitation of C-A-S-H and trioctahedral smectite
The XRD and TEM results (Figs. 3 and 4) reveal (dis)ordered, tobermorite-type C-A-S-H, amorphous Cr gels and trioctahedral smectite as the main reaction products. No indication for the precipitation of either Me-carbonates or Me-oxyhydrates was found, which suggest that the principle removal mechanism of heavy metals from solution is governed by structural incorporation during co-precipitation with hydrated aluminosilicates. However, it is worthy to note that, from a thermodynamic point of view, the experimental solutions were highly supersaturated with respect to Co OH ð Þ 2 , Zn OH ð Þ 2 , and Cr OH ð Þ 3 , particularly in the experiments carried out at initial molar Me/Si ratios B 0.2, where highly alkaline conditions prevailed throughout (i.e. pH C 10; Table 1 ). The identification of such precipitates can be challenging, as synthetic Me-oxyhydrates are often poorly crystallized, and the nano-sized particles tend to agglomerate onto previously formed hydrated aluminosilicate surfaces.
Therefore, a high-resolution TEM study was performed ( Fig. 5 ) in order to proof the absence of coprecipitated Me-oxyhydrates. The lattice images of particles from experiments RefC 1:0 , C 1:0 Co 0:2 , C 1:0 Zn 0:02 , C 1:0 Zn 0:2 , and C 1:0 Zn 2:0 typically show well-defined and almost defect-free stacking sequences with thicknesses between * 20 Å and * 500 Å (Fig. 5a, b, d-f) [60] . Fast Fourier Transform (FFT) measurements of the noise-filtered TEM fringe images frequently reveal interplanar distances of 3.0 Å , 2.7 Å , and 2.4 Å , which likely correspond to the (020 and -220), (200 and 107), and (-127) planes of C-A-S-H (i.e. depending on the particle orientation and applying the structural model for tobermorite of Bonaccorsi et al. [51] and Grangeon et al. [61] ). In the case of the trioctahedral Zn-smectite, (001) planes with a * 13 Å thickness were frequently observed [32, 48] . In contrast, no ordered stacking sequences (i.e. areas lacking any short range order due to abundant lattice strain and folding) were found within particles obtained from experiment C 1:0 Cr 0:2 ( Fig. 5b) , which further documents the amorphous nature of the Cr gel.
Importantly, no evidence for the formation of discrete Me-oxyhydrates was found in the investigated samples, which suggests that the vast majority of heavy metals taken up from the experimental solution (Table 1 ) occupy structural sites in the synthetic C-A-S-H, Cr gels, and trioctahedral smectite (see below for further discussion). The extremely fast precipitation of aluminosilicate hydrates (i.e. within few minutes, see Fig. 2 ) under far-from-equilibrium conditions has probably hindered Me-oxyhydrates to form from the beginning of the entire experiments despite of potentially favourable conditions. Indeed, the strong influence of Me ion incorporation during the formation of the aluminosilicate hydrates (through isomorphous substitution) is clearly reflected by the pronounced structural collapse of the crystal lattice of C-A-S-H phases at higher proportions of incorporated Me ions (see Fig. 3 ): at increasing molar Me/Si ratios in the precipitates a transition from the ordered tobermorite structure to a defect and poorly crystallized tobermorite-type structure is recognizable. Such an impact on the crystal structure of C-A-S-H cannot be explained by a classical adsorption mechanism (i.e. surface complexation, cation exchange, physical attachment of Me ions) nor by the co-precipitation of Me-oxyhydrates onto previously formed and charged aluminosilicate surfaces [43] .
Removal capacities of Me ions by C-A-S-H and trioctahedral smectite
In the last five decades, increasingly more studies have been published that aimed at describing and quantifying the reaction pathways and fundamental mechanisms underlying the uptake of aqueous Me ions by natural and synthetic C-A-S-H. These works have shown that C-A-S-H, especially tobermorite, can exhibit sufficiently high sorption properties for a suite of potentially hazardous Me ions, including and many others [13-15, 17, 29, 62-64] . However, a comparative analysis of the removal potential for Me ions based on adsorption data, Me uptake rates, or immobilization degrees etc., obtained from different materials, is difficult [40] . This is mainly because of large differences in the test conditions and test matrices used, and inconsistencies in the literature data. Despite of these problems, some general relations between mineralogy, structure, composition, and Me ion removal capacity of C-A-S-H and smectite can be discerned. From Fig. 6 , it is evident that the nature of the reaction product(s) takes a key control on the removal efficiency of Me ions. To ensure a reliable comparison of the Me ion removal potential of C-A-S-H and smectite, individual sorption capacities (q e : mg=g) have been calculated, according to Eq. (2):
where m is the total mass of reaction products formed during gel synthesis (in g; reported on a water-free basis), and V refers to the volume of the solution (L). The calculated q e values are given in Table 2 . Note that the q e values do not necessarily represent maximum sorption capacities; hence, comparison with published data has to be made very carefully taking into account the respective experimental conditions. The estimated sorption capacities range from 2.9 to 5.4 mg/g for C-A-S-H formed at rather low Me ion concentrations (* 1.9 mM). C-A-S-H precipitated at moderately high Me ion concentrations (* 18.9 mM) exhibited much higher q e values in the range from 27.5 to 40.4 mg/g. This is in the narrow range of the maximum adsorption capacities of Cr 6þ by Al-and sucrose-incorporated tobermorite (* 32 mg/g and * 29 mg/g, respectively), according to Zhao et al. [29] . However, chromitite formed as a reaction by-product in their work, which suggests that the reported adsorption capacities for Cr 6þ by these tobermorite materials may be slightly lower. Despite of this constraint, we propose that the maximum sorption capacity of C-A-S-H with a tobermorite-like structure (without surface modification) should be in the same order of magnitude (* 30-40 mg/g for Co 2þ , Cr 3þ , and Zn 2þ ). Trioctahedral smectite and Cr gel precipitated at extremely high Me ion concentrations (* 188.5 mM) exhibit higher sorption capacities of 121.9-141.3 and 108.3-151.7 mg/g, respectively.
Interestingly, no effect of the type of Me ion (Co 2þ , Cr 3þ , and Zn 2þ ) and initial molar Ca/Si ratio (at least in the range between 0.6 and 1.6) used for the C-A-S-H and smectite synthesis on the obtained q e values is observable (Table 2 ). This finding shows that the Me ion concentration initially introduced to the reactors as well as the local atomic structure and the mineralogical composition of the precipitates are much Figure 6 Removal efficiencies for aqueous Co, Cr, and Zn by C-A-S-H, Cr gel, and trioctahedral smectite.
more important in regulating the uptake of heavy metals by hydrated aluminosilicates [40] . This is because the isomorphous substitution of Me ions with an ionic radii (i.e. 72 pm for Co 2þ , 63 pm for Cr 3þ , and 74 pm for Zn 2þ ) smaller than that of the Ca 2þ ion (99 pm) induces structural distortion and charge imbalances in the Ca-O layer of C-A-S-H (see below for detailed discussion). In case of trioctahedral smectite and Cr gels, most of the available octahedral sites are occupied entirely by Me ions; thus resulting in higher removal capacities compared to C-A-S-H ( Table 2) .
Potential removal mechanism(s) for Me ions by C-A-S-H and trioctahedral smectite
The principle removal mechanisms for Co 2þ , Cr 3þ , Zn 2þ , and other ions by synthetic C-A-S-H and trioctahedral smectite include (1) interlayer (cat)ion exchange, (2) isomorphous substitution in the Ca-O layer or in the octahedral sheet, (3) replacement of tetrahedral sites (Q 1 to Q 3 positions), (4) physisorption or chemical precipitation on the mineral surface, or (5) a combination of the processes (1)- (4) (see Fig. 1 for comparison) .
From the obtained XRD data, no significant changes in the (hk0) dimensions of the Al-and Me-incorporated tobermorite-like products were recognized in all experiments (Fig. 2) , which implies that Al and Me ions or their aquo-complexes do not occupy the interlayer space of the C-A-S-H gels to a great extent. In this line, Anderson et al. [24] and Richardson [65] have argued that isomorphous substitution of Al for Ca in the Ca-O sheet of C-A-S-H is also highly limited, because of the different ionic radii and charges of Ca and Al, generating charge imbalances and distortion of the C-A-S-H structure. Therefore, it can be concluded that the majority of the structurally bound Al in synthetic tobermorite-like materials obtained in this study should be present as tetrahedral Al, i.e. substituting for Si in the tetrahedral networks [1, 66] .
With respect to the (hydrated) Me ions, such an interpretation is even more problematic, because the present data do not allow for a detailed structural analysis of C-A-S-H. However, the lack of Me-(oxy)hydrates or other Me-containing phases in the final precipitates indicates that the vast majority of the Me ions is likely incorporated in the C-A-S-H structure, rather than being co-precipitated onto the C-A-S-H surface. This assertion may be supported by the collapse of the ordered tobermorite-type structure and its subsequent transformation into a poorly crystallized, defect tobermorite-type structure at higher levels of Me ions incorporated (Figs. 2 and  3 and probably C-A-S-H structures. Such an incorporation mechanism would explain the loss of diffracted intensity in C-A-S-H bearing moderately high loads of Me ions, as observed for materials precipitated at initial molar Me/Si ratios of 0.2 ( Fig. 3) . Because Co 2þ ions exhibit physicochemical properties similar to the other Me ions mentioned above, it is likely that Co occupies the same structural sites in C-A-S-H, i.e. the Ca-O layer and the interlayer position, but not the tetrahedral sheets (Fig. 1 ). An exception could be the incorporation of Cr 3þ in C-A-S-H at higher concentrations, because the isomorphous substitution of Cr 3þ for Ca 2þ and Al 3þ in the Ca-O layer, interlayer, and possibly dreierketten chains typically leads to the formation of Cr(III)-bearing C-A-S-H with an impaired crystal structure [44] . This behaviour might explain the formation of Cr gels with unusually high Cr/Si molar ratios (1.8 to 3.2) at initial molar Cr/Si ratios of 2.0 (Table 2 ). In the case of precipitation of trioctahedral smectite (Table 2 and Fig. 3d) , most of the structural Al and Si are placed in the tetrahedral sheet, Co and Zn dominate in the octahedral sheet, and Ca is the main interlayer cation [48, 57, 67] . From the present datasets and the knowledge from previously published data, it can be inferred that the majority of Me ions incorporated in C-A-S-H and smectite preferentially occupy the octahedral and interlayer sites. Some chemical environments of 4-coordinated Co, Cr, and Zn may also exist in the tetrahedral sheets [68] . A certain degree of surface adsorption and surface complexation by hydrated Me ions and subsequent precipitation of Me-oxyhydrates onto the C-A-S-H surface cannot be fully excluded, as indicated before, although we found no analytical evidence for such removal mechanism(s) to take place under the given experimental conditions. However, Qi et al. [62] have presented some evidence of coupled chemical precipitation, physisorption and structural incorporation phenomena for the adsorption of Co 2þ ions by mesoporous C-S-H. In conclusion, the removal mechanisms of Me ions by aluminosilicate hydrates are highly complex and include ion exchange in the interlayer, isomorphous substitution in the octahedral and tetrahedral layers, and possibly surface (ad)sorption and chemical precipitation (Fig. 1 ).
Environmental implications of heavy metals uptake by C-A-S-H and smectite
The removal mechanisms and removal efficiencies of aqueous Me ions by C-A-S-H and trioctahedral smectite depend mainly on the physicochemical, mechanical, and electrokinetic properties, and on the surface charge of the (ad)sorbent material, as well as on chemical key characteristics (pH, temperature, ionic strength etc.) of the interacting fluids [34] [35] [36] [37] [38] [39] [40] [41] .
From the data reported in Table 1 , it becomes clear that the pH value, obtained at nearly chemical steady-state, is a key parameter in controlling the net uptake of Me ions by aluminosilicate hydrates. Importantly, the measured pH values and the Ca/Si ratios calculated for C-A-S-H are in reasonable agreement with published C-S-H gel solubility data (compare Table 1 and Table 2 with Fig. 4a in [46] ). This indicates that C-A-S-H obtained in this study should have surface charge and physicochemical properties similar to other natural and synthetic C-S-H and C-A-S-H structures. These similarities exist despite of apparent differences in the experimental conditions used to precipitate C-A-S-H, such as curing times of few minutes to several weeks, curing temperatures from 17 to C 40°C, and liquid/solid mass ratios from 8 to 4000 [46, 59] . In this framework, the obtained results can provide new insights into the environmental significance of Me ion removal by C-A-S-H and smectite.
Concrete structures
In recent decades, the use of cementitious materials for the detoxication of environments polluted by aqueous heavy metals has been considered more [70] ) are in the same range than for C-A-S-H formed in this study at initial molar Me/Si ratios of 0.02 (* 3 to 5 mg/g), which indicates that the same removal mechanisms were active in both studies. These authors have argued further that the secondary hydration products (i.e. C-S-H and C-A-S-H) formed are less soluble, compared to the cement hydrates without Me ions incorporated [70] . This finding supports the idea of using C-S-H and C-A-S-H for the removal of heavy metals from contaminated (sub)soil structures and groundwater, though field reports are scarce, yet. A high retention potential for Me ions is also of great significance during early cement hydration, and during subsequent exposure of the hardened concrete to aquatic systems, because it is critical to know to which extent Me ions can be incorporated in the hydrated cement binders and later released back into the ecosystem. Specifically, cement blends made with high levels of SCMs, such as GGBFS, metakaolin, fly ash, and limestone fillers, can contain higher concentrations of heavy metals than OPC-type cements (see Table 3 in [21] ). Our results indicate that the uptake of Me ions during C-A-S-H formation is very high (Table 1) . We therefore propose that the release back of Me ions from hardened concrete structures into the aquatic environment should be small, especially under highly alkaline conditions, where C-S-H and C-A-S-H structures are thermodynamically stable [46] . However, as soon as the pH of the interacting fluids drops below a certain threshold value, i.e. pH * 10 or higher for C-S-H phases with a (Ca ? Me)/(Si ? Al) ratio of C 0.8 and pH * 10 for C-S-H phases with a (Ca ? Me)/(Si ? Al) ratio from 0.3 to 0.8 [46, 71] , decomposition of the cement hydrates is likely to occur. This reaction could result in severe contamination of the ''outer'' aquatic environment by heavy metals. For the latter reason, the content of heavy metals should be monitored in raw materials, as well as in cement clinker and cement paste during production, curing, hydration, hardening, and service life performance.
Nuclear waste disposal sites
Knowledge of the physicochemical interactions between concrete and bentonite, especially the intercalation of C-A-S-H and montmorillonite ( Na; Ca ð Þ 0:3 Al; Mg; Fe À Á 2 Si 4 O 10 ½ OH ð Þ 2 ÁnH 2 OÞ at the pore scale, is also important in the disposal of low-to high-level radioactive waste in argillaceous rocks in the geological underground [72] . In contact with the concrete buffer highly alkaline pore solutions (pH [ 12.5) are generated, where montmorillonite can rapidly alter to mixed-layer illite-smectite, Na/ K-zeolite, and trioctahedral smectite, causing modifications of the mechanical properties (i.e. loss of strength) of the bentonite buffer and progressive lowering of the self-retention potential of the bentonite barrier for radionuclides and heavy metals [73, 74] . Moreover, the simultaneous formation of C-A-S-H in equilibrium with brucite (MgðOH 2 Þ) and magnesium silicate hydrate (M-S-H) phases can further weaken the concrete and bentonite barriers matrices (i.e. increase in secondary porosity), which can facilitate various other forms of physical and chemical attack, such as the alkali-aggregate reaction, recrystallization of C-A-S-H induced by Ca 2þ leaching, carbonation, formation of salt crusts, sulphate attack, corrosion of steel containers, and ion exchange [7, [75] [76] [77] .
It is clear that the chemical reactivity of the concrete-bentonite buffer system is controlled mainly by the physicochemical conditions that develop at the interface between the newly formed C-A-S-H and clay minerals. For example, at higher temperature (60°C to 120°C), the dissolution rate of montmorillonite increases, which can result in a higher availability of Al 3þ ions for the subsequent precipitation of C-A-S-H. Accordingly, secondary C-A-S-H that form from montmorillonite precursors typically show increased Al/Ca and Si/Ca ratios, and a higher crystallinity degree [72] . With respect to heavy metals uptake, such C-A-S-H will probably have higher Me/Al and Me/Si ratios than components originally present in the concrete barrier, taken that Me ions preferentially substitute for Ca 2þ ions in the C-A-S-H structure. This process (i.e. isomorphous substitution) is therefore suggested to significantly affect the transport properties of Me ions in nuclear waste disposal sites. The present work reveals a high Me ion removal capacity for neo-formed C-A-S-H, Cr gels, and trioctahedral smectite in the magnitude of * 30 up to * 150 mg/g. This suggests that secondary hydrated aluminosilicates can scavenge even extreme loads of heavy metals (up to few hundreds of ppm), thus having the potential to prevent the outer environment from contamination.
Conclusions and perspective
Nanoparticulate C-A-S-H (tobermorite-type) phases, Cr gels, and trioctahedral smectite were synthesized by the reaction of an alkaline Si OH ð Þ 4 solution with Ca, Al, and Me salts. The removal efficiencies and uptake mechanisms of Co 2þ , Cr 3þ , and Zn 2þ ions by the hydrated aluminosilicates were studied at initial molar Me/Si ratios from 0.02 to 2.0 and Ca/(Si ? Al) ratios from 0.6 to 1.6, at 24 ± 1°C. At molar Me/Si ratios B 0.2, 14 Å tobermorite-like structures formed, independent of the Ca/(Si ? Al) ratio used for the synthesis. These C-A-S-H phases have a (Ca ? Me)/ (Si ? Al) ratio equal to * 1 and are composed of porous spherules, \ 30 nm in size. Formation of X-ray amorphous Cr gels was observed at molar Cr/ Si ratios C 0.2. The Cr gels have higher Al/Si and Cr/Si ratios and highly variable Ca/Si ratios from 0.5 to 1.3, compared to C-A-S-H, and are composed of porous spherical particles, 5-10 nm in diameter. Trioctahedral Co-and Zn-smectite with a low crystallinity degree formed at molar Me/Si ratios of 2.0. The smectites have lower Ca/Si and Al/Si ratios and higher Me/Si ratios than the Cr gels and C-A-S-H and are composed of \ 50 nm sized, filmy to veil-like particles. The metal ion removal efficiencies obtained for different aluminosilicate hydrates depended mainly on the molar Me/Si ratio used for the synthesis, but generally increased in the order C-A-S-H \ Cr gel \ trioctahedral smectite. Precipitation of discrete Me-oxyhydrates was not observed under the experimental conditions used in this study despite of potentially favourable conditions. The removal mechanisms of Me ions during the precipitation and maturation of C-A-S-H, Cr gels and trioctahedral smectites are highly complex and include isomorphous substitution in octahedral and tetrahedral positions, ion exchange in the interlayer sites, and possibly surface (ad)sorption, and surface precipitation. Under highly alkaline conditions, the detoxication potential for Me ions by secondary aluminosilicate hydrates is considered to be very high, likely exceeding that of available (cementitious) adsorbent materials. More studies on the crystallization paths and rates of hydrated aluminosilicate precipitation from solutions containing different Me ions are required to resolve and quantify details on crystal chemistry, thermodynamic properties, and (meta)stability of these important silicate minerals. Future experimental work should focus on elucidating the solubility and reactivity of C-A-S-H structures to demonstrate their high metal ion retention potential under varying environmental conditions (temperature, pH, ionic strength, redox conditions, etc.). In this framework, leaching scenarios and regeneration studies have to be performed.
